SP6 DNA-dependent RNA polymerase, like T7 RNA polymerase, can be used to synthesize RNA sequences from short DNA templates which contain the 18 base pair promoter region. Use of SP6 polymerase extends the range of possible 5' sequences of RNA products, since the preferred SP6 start site (of the RNA product) is 5 'GAAGA, while T7 polymerase prefers S 'GGGAG. The SP6 start site can be advantageous in large-scale syntheses where high concentrations of RNA can lead to aggregation. Using the limited number of DNA templates described here, there appears to be a significant difference between the two enzymes: SP6 polymerase requires a complete duplex DNA substrate for efficient synthesis, unlike the T7 enzyme which works efficiently when only the 18 base promoter region is double-stranded. SP6 polymerase consistently produces higher yields of RNA than does T7 polymerase, and the reactions can be easily scaled up to produce milligram quantities of RNA.
INTRODUCTION
T7 DNA-dependent RNA polymerase is now routinely used to produce short RNA sequences from synthetic DNA templates, in a reaction first described by Milligan et al. (1) . This procedure takes advantage of the cloned enzyme in reactions with short DNA templates in which only the 18 base T7 polymerase promoter is double-stranded, thus eliminating the need for cloning which may result in RNA with unwanted 5' or 3' sequences. This in vitro method of synthesizing RNAs has been applied by molecular biologists to produce small amounts of product as well as by structural biologists who need milligram quantities of RNAs.
Since T7 RNA polymerase (T7 P) is closely related to SP6 and T3 RNA polymerases, it is to be expected that these polymerases also function in this synthetic system. These enzymes differ from each other in the sequence of their promoter region and also in their sequence preference for the first five coded bases (the start site). The different start sites extend the range of possible RNA products, which can be useful for synthesizing RNAs with specific 5' sequences that participate in interactions with other RNAs or with proteins, or in cases where the consensus T7 5 'GGGAG RNA sequence (2) gives problems with aggregation (such as at high concentrations, especially with single-stranded RNA). The consensus SP6 RNA polymerase start site is 5 G-AAGA (or 5 GAAGG) (2) , and these RNA products should not have any tendency to form aggregates, even at high concentrations.
We found, not surprisingly, that SP6 RNA polymerase also functions efficiently with short DNA templates, and here we report experiments similar to those performed with T7 polymerase (1) which measure the effect of different start sites on the efficiency of transcription, as well as the optimization of DNA and enzyme concentrations. In these experiments with short DNA oligonucleotides, we observe that in order to obtain efficient transcription with SP6 RNA polymerase, the DNA templates must be completely double-stranded. Since T7 RNA polymerase requires only a double-stranded 18 base pair promoter region, this result suggests that there are some differences in initiation events between the two enzymes. (3) . TJ RNA polymerase was prepared from E.coli strain BL21 containing the plasmid pAR1219, using a variation of the method of Grodberg and Dunn (4, 5) . The T7 RNA polymerase clone was obtained from J.Dunn and F.W.Studier; the SP6 RNA polymerase clone was obtained from W.McAllister (3, 6) . The activity of the enzymes used in these experiments was measured using the assay of Butler and Chamberlin (7) and was found to be 900,000 units per mg protein for SP6 P and 225,000 units per mg protein for T7 P.
MATERIALS AND METHODS

DNA
All SP6 P transcription reactions were done in 40 raM Tris-HCl (pH 8.0 at 25°C), 2 mM spermidine, 10 mM DTT, and 6 mM MgCl 2 . These conditions were chosen from a review * To whom correspondence should be addressed of the literature describing SP6 P transcription from plasmid DNA (7, 8) . T7 P transcriptions were carried out in 40 mM Tris-HCl (pH 8.4 at 25 C C), 1 mM spermidine, 10 mM DTT, and 6 mM MgCl 2 . Unless otherwise indicated, the concentrations of ribonucleotides were 1 mM GTP, ATP, UTP, and 0.25 mM C-TP. The concentrations of polymerase and DNA template were varied. Template and promoter DNA strands were annealled by heating for 5 min at 65°C in 10 mM Tris-HCl (pH 8.0 at 25°C), 1 mM MgCl2, and allowed to slowly cool to room temperature. The common promoter sequences for the non-coding strands, which constitute 18 bases of the DNA templates are:
SP6:
5 ATTTAGGTGACACTATAG T7: 5 TAATACGACTCACTATAG where the 3' G corresponds to the first (5') nucleotide in the transcribed RNA product. All yield comparison studies included 5 /iCi (at assay date) of [a-32 P] CTP. Reactions were allowed to incubate 2 hrs at 40°C unless indicated otherwise. Final reaction volume was 25 /d. Twelve /il of this volume was mixed with 18 nl of 80% formamide including the dyes xylene cyanol and bromophenol blue, heated to 95°C for 5 min, and cooled on ice. From this, 25 /il was loaded on a 20% polyacrylamide gel containing 8 M urea. The reactions were quantitated directly on the gel using a Betagen Betascope Blot Reader Model 603. Most yields were calculated based on an internal reference included in each experiment, which we defined to be a standard transcription reaction using a 43 base pair full duplex DNA yielding RNA with the consensus SP6 P start site 5 'GAAGAG. Corrections were made for the differing numbers of radiolabeled nucleotides in the resulting RNAs.
A product containing one extra nucleotide is usually observed in both SP6 P and T7 P transcriptions, although it is more prevalent with SP6 P; we have not determined the identity of this extra base at the 3' end. The apparently random addition of a non-encoded nucleotide at the 3' end has been reported for both SP6 P in a plasmid transcription system (8) and T7 P in a synthetic oligonucleotide transcription system (1) . No significant product is observed in control transcriptions where T7 DNA is used with SP6 polymerase and vice versa. There were also no detectable products if a 26-mer RNA was substituted as a template.
The fidelity of SP6 polymerase for incorporating the correct first nucleotide in reactions with full or partial duplex templates was checked for sequences Rl, R4, and R9 (see Table 1 ) by performing side-by-side transcriptions containing 10-40 /tCi of either [7- 32 P] ATP or [-y-32 P] GTP in a total concentration of 0.025 mM. In all three full duplex reactions, including one with ATP as the 5' nucleotide in the RNA product, the highest misincorporation rate was less than 2%. In reactions with only the 18-base-pair promoter region double stranded, the misincorporation rate was 3 to 9%, but the relatively higher background in the Betagen quantitation for these less efficient transcriptions results in an artificially high value. Table 1 . At three hours, the reactions were supplemented with additional labelled and unlabelled nucleotides. Aliquots of the reactions were taken at various time points and subjected to denaturing polyacrylamide electrophoresis and quantitated as described. The mean and standard deviation are plotted.
Some radiolabelled SP6 products were also digested with nuclease Tl and the products analyzed by denaturing polyacrylamide gel electrophoresis. In all cases the resultant fragments were as predicted.
RESULTS
Comparison of yields between SP6 and T7 transcriptions using both full duplex DNA and partial duplex DNA templates containing the appropriate consensus start site Standard protocols for transcriptions with T7 RNA polymerase call for use of a universal 18-base oligonucleotide non-coding top DNA strand containing the T7 promoter, to be annealed to the coding or template bottom strand (1) . While this eliminates the need to synthesize two DNA strands for each RNA, we have found that when using a 43 nucleotide DNA containing the consensus T7 P start site 5'-GGGAGA (2) under our standard conditions for T7 RNA polymerase, yields are increased threefold when using full-length duplex DNA ( Table 1) .
The effect of using a full duplex DNA versus a partial duplex is much more pronounced with SP6 RNA polymerase. Using a 43 nucleotide DNA containing the consensus start site 5'-G-AAGAG (2), approximately 20 times more RNA product is obtained using full duplex DNA versus a DNA with only a double-stranded 18-base pair promoter (Table 1) . We have also observed this effect with other template sequences, including those where the RNA product cannot form a stable secondary structure. If the 3' end of the 18 base SP6 promoter strand is extended by two bases to include the first three nucleotides of the start site ( 5 'GAA-), the yield is only slightly increased; extending the promoter strand to encompass the first five nucleotides of the start site ( 5 GAAGA-) actually resulted in lower yields.
One measure of efficient transcription is the ratio of the abortive initiation products to full length RNA. We have quantitated the abortive products corresponding to 2-mer through 10-mer products from transcriptions of the consensus T7 P and SP6 P start site RNAs shown in Table 1 , as well as from SP6 P transcription of RNA R6 which forms no stable secondary structures. The patterns of abortive products are similar in reactions with partial and full duplex DNA, although the amounts produced in each type of reaction are different. For the T7 template, a full duplex DNA results in 4 mol of 2-to 10-mer abortive products per mol of full-length product, while use of a partial duplex template increases the (mol of abortive product)/(mol of full-length product) ratio to 16. The total amount of abortive products in both reactions is similar, with most being dimers and heptamers (relatively more heptamers in the partial duplex transcription). T7 P has been reported to reach a highly processive state after incorporation of eight bases (9) .
For the consensus SP6 P sequence, a full duplex transcription results in only 2 mol of 2-through 10-mer abortive products per mol of full-length product while the ratio increases to 50 with only a partially double-stranded template. The ratios were slightly higher when transcribing RNA R6, where the consensus sequence is altered. In all of these SP6 P transcriptions the patterns of abortive products were similar between full and partial duplex templates, with the majority being four nucleotides long. The consensus SP6 P Rl template also produced relatively more 7-, 8-, and 10-mer abortive products than the template coding for the structureless RNA R6.
Using full duplex DNA containing the appropriate promoter and consensus start site, approximately 2-fold more product is obtained in the SP6 P reaction than in the analogous T7 P reaction under our standard conditions (Table 1 ). This was found to be about 300 pmol/25 n\ for SP6 P reactions, or 120 moles RNA/mole DNA (see time course below). The situation is reversed if only the promoter region is double-stranded; in this case the yield from T7 P is about three times that of SP6 P.
We have also determined yields using SP6 P under preparativescale (both 1 ml and 20 ml) conditions with 100 nM of annealed full duplex consensus start site DNA, where the concentration of each NTP was varied from 1 mM to 4 mM and polyethylene glycol (PEG-8000 at 80 mg/ml) and Triton X-100 (0.01 %) were included (1) to determine their effects relative to our standard buffer. NTPs were in equal concentration and no radiolabelled NTP was present. The MgCl 2 concentration was kept in 6 mM excess of the total NTP concentration and the reaction time was increased to three hours. Inorganic pyrophosphatase (Boehringer Mannheim) was added after 1 hour. The reactions were phenol extracted once after addition of EDTA to 25 mM and ethanol precipitated twice. RNAs were quantitated by ultraviolet absorbance after purification by electrophoresis in denaturing polyacrylamide gels and eluted using crush-and-soak methods.
Calculation of yields from the 1 ml reactions based on the number of moles of RNA per number of moles of DNA template indicate that hundreds of rounds of transcription have occurred. Yields increased from 180 to 270 mol RNA/mol DNA when each NTP was increased from 1 mM to 4 mM under standard buffer conditions. Using 4 mM NTPs with polyethylene glycol and Triton X-100 in the reaction mix increased the yield to 320 mol RNA/mol DNA. However, these 4 mM NTP reactions were probably less complete than the 1 mM reactions (see time course below). The inclusion of GMP (or AMP in the + 1G to A mutant discussed below) had no effect on the yield, contrary to what has been found with T7 P (1,5) .
The 20 ml reactions were incubated 4 hours and included 0.01% Triton X-100, 4mM of each NTP, and 22 mM MgCl 2 . Inorganic pyrophosphatase was added after 2 hours, and the products were purified and electroeluted from three 1.5 mm thick gels, dialyzed against water, and quantitiated by ultraviolet absorbance. The yield from such a reaction was approximately 8 mg. These RNAs are used in NMR experiments, and they appear to be very homogeneous.
Effect of DNA template sequence on yields obtained with SP6 polymerase
The sequence of the DNA template (particularly the transcription start site nucleotides) has a considerable effect on yields obtained with SP6 P. All of the following transcription reactions were incubated for two hours at final concentrations of 100 nM DNA (full duplex) and 10 units//d SP6 polymerase. At this concentration, the molar ratio of polymerase to DNA is 1:1. Relative yields at 0.8 units//il polymerase were found to be similar in most cases (data not shown). Optimal concentrations of the other reaction components may be different for each DNA, but were not investigated. Some variations in the sequence of the start site nucleotides, the length of the transcript, and the sequences further downstream were chosen to determine their effects on transcription efficiency and for use in other experiments (see Table 1 ). We have not attempted an exhaustive investigation of start site sequences. All yields listed are relative to the yield of RNA Rl, which has the consensus SP6 start site 5 GAAGA-G, and are normalized for the number of radiolabelled CTPs incorporated into the RNA product.
Some specific comparisons of transcription reaction yields in Table 1 deserve comment. 1.) There is only a small difference in yield between transcription of a 15-mer and a 26-mer RNA with the same start site, but the yield drops about 40% when a 40-mer is transcribed. We cannot explain this result. 2.) Replacing the +1G with an A reduces yields to less than 10% of maximum. This is similar to observations with T7 polymerase (1). 3.) Substituting the +4G with a U (R5) is less deleterious than substitution with a C (R6,7,and 8), although clearly there are other factors affecting yield here. For example, RNA R6, unlike the other RNAs studied here, cannot form a stable secondary structure; perhaps this contributes to the observed lower yield. RNA R8 has base substitutions in positions 9 through 18 (complementary to R7) which apparently also have an effect on yield. 4.) Replacing the +2A with a C apparently has a significant effect, since the yield for R9 is much less than that of R8, although they have different pyrimidines in the +4 position, and the change in the +6 position may be influencing yields here also. 5.) Substituting an additional pyrimidine for the A in position +3 (see R10, which also has the +5A of the consensus start site, relative to R9) effectively blocks transcription. Replacing the A's at +2 and +3 with G's (see Rll and R12) lowers the yield to 10% of maximum.
Time course of the reaction
The possibility of exhaustion of the available nucleotides in the reactions (particularly CTP, which is only 0.25 mM compared to 1 mM A,G,and U) was investigated by performing a time course for each template under standard conditions at a final concentration of 10 units/jil SP6 polymerase. Aliquots of the reactions were removed at 1, 2, 3 and 4 hours and analyzed on denaturing gels as described previously. After the 3 hour time point, the reactions were supplemented with additional ribonucleotides (same concentrations as initially, including [a-32 P] CTP and MgCl 2 ). The gels were quantitated as described, including an external standard to measure counting efficiency. Surprisingly, there was very little additional product formation after 2 hours under these conditions regardless of the transcription efficiency of the template (Figure 2 ). Supplementing the reactions with additional nucleotides did not significantly increase product formation. A similar effect has been reported for E.coli RNA polymerase (10) , and may reflect inhibition by the RNA product (perhaps by its association with the DNA template or the polymerase) or by the inorganic phosphate formed in the reaction. Alternatively, the enzyme may denature after prolonged incubation under these conditions. Representative data for two templates are presented in Figure 2 . Since all of the experiments reported here were performed under the above conditions for 2 hours (unless indicated otherwise), they may be considered essentially complete.
Based on a 25 nl reaction with 0.25 mM CTP, and assuming complete incorporation of CTP into full length RNA product, the theoretical yield of Rl (consensus start site) RNA is 781 pmol/25 pi. Our typical yield for this sequence is about 300 pmol/25 id, or 38% after 2 hours, although it can vary considerably (relative activities of different templates remain similar, however). All yields listed in Table 1 are relative to this 300 pmol value.
Optimization of reaction conditions
To optimize the yield of RNA, the amount of SP6 polymerase in the reaction should be adjusted as a function of the time of incubation. Under our standard conditions of 0.25 mM CTP, 1 mM GTP, ATP, and UTP, more than 90% of the maximum yield of RNA Rl is obtained after 2 hours using 10 units//*l SP6 P, or after 1 hour at 20 units//tl SP6 P. In 2 hour reactions, the relationship between the enzyme concentration and the percent yield is not linear at lower enzyme concentrations, where a doubling of SP6 P results in about four-fold more product. SP6 P concentrations above 10 units//tl result in little additional product formation.
The yield of RNA is dependent on the relative concentrations of SP6 P and DNA template. At higher polymerase concentrations (10 units//il), increasing the DNA concentration from 50 nM to 200 nM results in 30% more product formation. Above 200 nM DNA there is no further increase in yield. Calculations based on measured specific activity of the enzyme show that DNA and polymerase are equimolar at 100 nM DNA and 10 Units//*1 polymerase. At much lower enzyme concentrations (0.8 units/ftl), increasing full duplex DNA to concentrations above 50 nM has no effect on RNA yield. When only an 18-mer promoter strand is used, however, the DNA is never saturating under conditions studied, suggesting that the binding properties of the polymerase are different with this type of template. Similar data were obtained for the template coding for RNA R4, which has an A at the 5' position.
SUMMARY
SP6 RNA polymerase has been shown to efficiently and correctly transcribe RNA from short synthetic DNA oligonucleotides, allowing synthesis of RNA sequences with different 5'-ends than were previously available using T7 RNA polymerase. As with T7 polymerase, the 5' start sequence of the RNA product influences the overall yield of the reaction; however, the two polymerases have different sensitivities to substitutions within this region. Contrary to results with T7 polymerase, these results demonstrate that a much greater portion of the DNA template must be double-stranded for efficient SP6 P transcription, suggesting that there are differences in promoter recognition and initiation of transcription by SP6 and T7 polymerases. Reactions proceed quickly at moderate enzyme concentrations and can be scaled up easily. The high yields of RNA from SP6 RNA polymerase reactions will be especially useful for biophysical applications where a large amount of material is required.
